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Another recent study [17]
similarly found increases in contrast
sensitivity when observers were
exposed to a low contrast world
(by wearing contrast-reducing
goggles). The implications of these
studies reach beyond adaptation
to how we should understand
visual coding. Many of
the standards for characterizing
normal vision — such as the
contrast sensitivity function — have
been based on nonstandard states
of adaptation, and should be
revisited under more representative
viewing conditions.
A second intriguing property
of the improvements in orientation
and contrast sensitivity was that
they persisted for hours. This is
much longer than observed in
typical experimental protocols,
where the adaptation is for a few
minutes and the aftereffects last only
a few seconds. If the orientation
changes were instead tracking
the aftereffects to a lifetime of
exposures, then these aftereffects
are perhaps more remarkable
for how rapidly they begin to
emerge. Much work suggests
that adaptation can operate over
multiple timescales [15,18] — the
brief aftereffects that are typically
reported ride atop a sea of much
longer ‘memories’ of the history of
stimulation, and whether these
reflect distinct processes and how
they interact to determine neural
responses is something vision
scientists are only beginning to
consider.
Measurements of sensitivity
provide just a hint of the possible
consequences of adaptation.
Instead of asking how well we can
see, another question is what the
world looks like. For example,
orientation adaptation is also
famous for inducing ‘tilt’ aftereffects
[19]. The relationships between
sensitivity and appearance depend
fundamentally on adaptation.
Individuals with an astigmatic lens
have poorer acuity for some
orientations, yet gratings at these
orientations do not always look
weaker to them because adaptation
compensates appearance for the
sensitivity deficit [20]. In fact, the
perceptual balance of color and
shape that seems to characterize
the world is probably a consequence
of adaptive processes that
discount non-uniformities in the
environment and in the sensitivity
limits of the perceiver. Such
adjustments are likely to play a
critical role in maintaining perceptual
constancy as either the world or
the observer varies. Including
measures of both performance and
appearance will further enrich the
power of this new virtual reality
technique to penetrate the
mysteries of adaptation.
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Recent studies reveal that the precise regulation of microtubule dynamics is
essential for an error-free mitosis. Kinetochore microtubule attachments that
are too stable increase the rate of chromosome mis-segregation, a leading
cause of chromosomal instability in tumors.Alexey Khodjakov
and Conly L. Rieder
The scholars of mitosis will soon have
a reason to celebrate: November of
2009 marks the 25th anniversary of
the discovery that microtubules are
dynamically unstable, commonly
referred to as microtubule dynamic
instability [1]. The revelation that
microtubule plus ends undergoperiodic transitions between phases
of growth and shrinkage rapidly led
to the ‘search-and-capture’ hypothesis
[2], which remains the prevailing
guiding principle of mitotic spindle
assembly.
According to this hypothesis, the
attachment of kinetochores to the
spindle occurs stochastically in
that kinetochores simply capture
microtubules as they grow into their
Dispatch
R1033vicinity. However, there is a penalty
for the randomness of kinetochore
attachment (Figure 1). On occasion,
a single kinetochore can
simultaneously capture microtubules
emanating from two different
spindle poles (merotelic attachment).
Similarly, both sister kinetochores
can become erroneously attached to
the same spindle pole (syntelic
attachment). When these errors are
not corrected, one of the daughter
cells will be born lacking a particular
chromosome while the other will
inherit an extra copy of the
chromosome (Figure 1). A high
frequency of individual (or just a few)
chromosome mis-segregations is the
basis of chromosome instability,
a hallmark condition of aggressive
malignancies [3]. Although several
molecular deficiencies have been
implicated in chromosome instability,
mechanistically, the underlying
cause of chromosome mis-segregation
has remained elusive. Recently,
however, several studies, including
a study reported in this issue of
Current Biology by Bakhoum et al.
[4], have revealed causative links
between spindle architecture,
the regulation of microtubule
dynamics and chromosome
instability.
Although cells possess a checkpoint
that delays mitotic exit until all
kinetochores have attached to
spindle microtubules, this mechanism
does not differentiate between
correct and erroneous attachments.
This being the case, the rate of
single chromosome mis-segregation
is determined by two major
parameters: the frequency at which
erroneous attachments are established
and the efficiency of correcting such
mistakes. We now know that the
correction mechanisms involve
centromere-associated Aurora-B
kinase, which regulates the activity of
the microtubule-depolymerizing
kinesin MCAK (and potentially other
kinetochore-associated kinesin-13s).
Because kinetochores tend to move
poleward once they attach to the
spindle, the sister kinetochores on
a properly attached, amphitelic
chromosome are pulled away from
the centromere. The resultant
increase in distance between sister
kinetochores stabilizes such proper
attachments by spatially separating
centromere-associated Aurora B from
its substrates at the kinetochore [5].A1
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Figure 1. Microtubule kinetochore attachments and chromosome segregation.
(A) Schematic of a mitotic cell with all kinetochores already attached to the spindle. Chromo-
somes ‘A1’ and ‘A2’ are amphitelic, ‘M’ is merotelic, and ‘S’ is syntelic. (B) If anaphase is initi-
ated in the presence of erroneously attached kinetochores, both daughter cells become aneu-
ploid. In this example, the cell on the left inherits both chromatids of the syntelic chromosome
(s). In contrast, both chromatids of the merotelic chromosome (m) segregate into the right-
hand cell. Only amphitelic attachment results in proper chromosome segregation (a1 and a2).In contrast, because the centromere
on a merotelic or syntelic chromosome
is not stretched, its erroneous
kinetochore microtubule
attachments are dissolved by the
microtubule-depolymerizing activity
of MCAK.
The importance of error correction
for maintaining a high fidelity of
chromosome segregation is
self-evident, and a number of studies
have addressed the molecular details
of Aurora-B/MCAK regulation.
However, little consideration has
been given to how microtubulestability/dynamics influences the
process. Although, in retrospect,
it seems obvious that excessively
stable microtubules should present
a serious problem for the error
correction mechanisms, as noted
by the British novelist Arthur
Koestler, ‘‘the more original
a discovery, the more obvious
it seems afterwards.’’
Proof that artificial stabilization of
mitotic microtubules impedes error
correction was recently presented by
Yang and co-workers [6], who noted
that high concentrations (>0.5 mM) of
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R1034the microtubule-stabilizing drug
taxol actually lead to shorter mitotic
delays than lower (0.1–0.5 mM)
concentrations. A further analysis of
this paradox revealed that it arises
because, as the taxol concentration
increases, kinetochore microtubules
become progressively stabilized
against the error correction
mechanism. This, in turn, reduces
the production of unattached (and
checkpoint signaling) kinetochores
from the syntelic attachments
normally formed in the presence of
the drug. Thus, the checkpoint
becomes more rapidly satisfied at
the higher taxol concentrations,
which is manifested as a shorter
duration of mitosis [6].
Bakhoum et al. [4] now reveal that
elevated microtubule stability is
a common feature associated with
chromosome instability in cancer
cell lines. The authors of this
study used photoactivatable
GFP–a-tubulin to compare kinetochore
microtubule stability between
a chromosomally-stable human diploid
cell line (RPE-1) and several cancer cell
lines exhibiting chromosome instability
(CIN). Analyses of fluorescence
dissipation after photoactivation
(FDAPA) revealed that the half-life of
kinetochore microtubules in RPE-1
cells was significantly lower than in
any of the CIN cell lines. Further, the
authors found that siRNA depletion
of proteins known to induce
chromosome mis-segregation,
including MCAK and the tumor
suppressor adenamatous polyposis
coli (APC), leads to a marked
elevation of kinetochore microtubule
stability. This implies that increasing
the stability of a kinetochore
attachment is, by itself, sufficient to
induce chromosome instability in
a chromosomally stable diploid
cell line. This conclusion, when
combined with the discovery from
the same laboratory that stimulation
of microtubule dynamics in
transformed human cells is sufficient
to suppress chromosomal instability
[7], has far reaching consequences.
Together, they convincingly
demonstrate the existence of
a causal relationship between the
stability of kinetochore microtubules
and the fidelity of chromosome
segregation.
Although, at the intuitive level,
establishing a stable amphitelic
connection between all sisterkinetochore pairs and the two spindle
poles would ensure that no
chromosome is left behind, the above
studies prove that there can be ‘too
much of a good thing’: overly stable
spindle microtubules diminish the
ability of cells to resolve kinetochore
attachment errors, which compromise
the fidelity of chromosome
segregation. Considering that
excessively labile kinetochore
attachments also lead to the
production of aneuploid cells [8], it is
now clear that a successful mitosis
requires that microtubule dynamics be
precisely regulated. While the exact
range of microtubule stability
parameters that support error-free
mitosis remains to be determined,
it appears quite narrow. The data
presented by Bakhoum and coworkers
[4] suggest that simply increasing the
half-life of kinetochore microtubules
two-fold leads to a significant
increase in the number of lagging
chromosomes. Thus, the proficiency
of the error correction mechanism
appears to be rather limited. That this is
so is also suggested from the recent
demonstration that the number of
lagging chromosomes increases
dramatically if spindle assembly
proceeds through a transient
multipolar stage, as in cells with
supernumerary centrosomes [9,10].
It has long been known that spindle
multipolarity promotes erroneous
kinetochore attachments because
at any one time more than one
centrosome, and thus astral
microtubule arrays, are likely to be
positioned in front of an individual
kinetochore [11]. However, the new
data reveal that many of these errors
persist even in cells that manage to
bipolarize the spindle by clustering
the supernumerary centrosomes.
This implies that, within the time
frame of a normal bipolar mitosis, the
correction system can only handle
a relatively low number of erroneous
attachments before it becomes
overwhelmed.
An emerging theme from recent
studies on mitosis is that epigenetic
processes that only modestly perturb
the mechanics of spindle formation
may significantly influence the fidelity
of chromosome segregation. Here, it is
noteworthy that the list of chemicals
known to affect microtubule dynamics
is extremely long, and many are
encountered transiently or even daily.
They range from heavy metals,fungicides (e.g., Carbendazim) and
volatile anesthetics (e.g., ether and
halothane) to alkaloids found in garlic
(e.g., allicin and ajoene). This list also
includes several clinically important
drugs like taxol, colchicine and
vinblastine, all of which are derived
from plants. The studies discussed
above raise the possibility that by
inducing minute variations in
microtubule stability, transient
ingestion or exposure to low levels
of such chemicals will promote
a low level of aneuploidy in those
body cells that are dividing at the
time of exposure. If this prediction
turns out to be true, it will become
important to determine if the fate
of such cells varies depending on
the particular extra chromosome
and/or concurrent mutations in
oncogenes like p53 or Rb.
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